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The diphoton excess around mX = 750 GeV observed by ATLAS and CMS can be interpreted
as coming from a massive spin-2 excitation. We explore this possibility in the context of warped
five-dimensional models with the Standard Model (SM) fields propagating in the bulk of the extra
dimension. The 750 GeV resonance is identified with the first Kaluza-Klein (KK) excitation of
the five-dimensional graviton that is parametrically lighter than KK resonances of SM fields. Our
setup makes it possible to realize non-universal couplings of the spin-2 resonance to matter, and
thus to explain non-observation of the 750 GeV resonance in leptonic channels. Phenomenological
predictions of the model depend on the localization of fields in the extra dimension. If, as required
by naturalness arguments, the zero modes of the Higgs and top fields are localized near the IR
brane, one expects large branching fractions to tt¯, hh, W+W− and ZZ final states. Decays to Zγ
can also be observable when the KK graviton couplings to the SM gauge fields are non-universal.
Introduction. The searches for diphoton resonances
in the
√
s = 13 TeV and 8 TeV LHC data have observed
an excess around mγγ ∼ 750 GeV [1–3], which can be
interpreted in terms of a resonance (X) with [4–7]
σ(pp→ X)13TeV × Br(X → γγ) ≈ 5 fb . (1)
Among the possible spin assignments of X allowed by
Landau-Yang, the spin-zero case has so far received the
most attention. On the other hand, perhaps the more in-
triguing possibility of a new massive spin-2 particle has
so far been much less explored (see however [8, 9]) , and is
the main focus of the present work. Generically, massive
spin-2 states are expected to appear as excited compos-
ite bound states of some strong dynamics, such as low
energy QCD. Such interpretations face two severe chal-
lenges: (1) generically in strongly coupled scenarios one
expects a plethora of other (lighter) states, which have
so far not been observed; (2) the basic properties of X
such as its mass and couplings to SM fields cannot be
expressed in terms of the (unknown) fundamental pa-
rameters and degrees of freedom of the theory.
Fortunately, the dual picture of (approximately con-
formal) strongly coupled theories in terms of warped ge-
ometries in higher dimensions offers a tractable possibil-
ity to explore the phenomenology of massive spin-two
resonances (now represented as KK excitations of the
graviton) using perturbative methods. Here we follow
this route and analyze the phenomenology of the lowest
KK graviton excitation within warped extra-dimensional
models in light of the LHC di-photon excess. In par-
ticular we want to address the following questions: (1)
Under which conditions can the first KK graviton ex-
citation be parametrically lighter than the rest of the
∗Electronic address:adam.falkowski@th.u-psud.fr
†Electronic address:jernej.kamenik@cern.ch
KK spectrum and with the right properties to accommo-
date the di-photon excess; (2) What are the theoretical
and phenomenological implications of KK graviton cou-
pling non-universality as hinted at by null-results of the
searches for 750 GeV resonances in other final states, es-
pecially in di-leptons.
In tackling these issues, we first briefly review the gen-
eral spin-2 formalism and apply it to accommodate the
LHC di-photon excess in light of other existing exper-
imental constraints. We also discuss quantitatively the
issue of perturbative unitarity loss in the presence of non-
universal spin-2 couplings to matter. We then reconsider
the model of Ref. [9] with a warped extra dimension and
with all the SM fields confined to the IR brane, which
predicts universal couplings of KK gravitons to all SM
matter fields. We discuss the tension due to experimen-
tal limits on the 750 GeV resonance from the di-lepton
channel. We also point out that the hierarchy problem is
not solved in this model. Addressing these short-comings
requires some of the SM fields to be localized away from
the IR brane, and consequently SM gauge fields need to
live in the bulk. With this in mind, we propose a model
with SM fields in the bulk supplemented by brane ki-
netic terms for gravity [10], which allow for the first KK
graviton excitation to be parametrically the lightest. We
present a number of phenomenologically viable param-
eter benchmark points and analyze their predictions in
some detail. Finally, we summarize our main findings
and conclude.
Review of spin-2 formalism.
A spin-2 particle can be represented by a symmetric
tensor field, here denoted as Xµν . For a massive particle
propagating in the flat space-time, the kinetic terms are
2described by the Fierz-Pauli Lagrangian:
LFP = 1
2
(∂ρXµν)
2 − 1
2
(∂ρX)
2 − (∂ρXµρ)2 + ∂µX∂ρXµρ
−m
2
X
2
(Xµν)
2 +
m2X
2
X2, (2)
where X = ηµνXµν , and ηµν = diag(1,−1,−1,−1) is
the Minkowski metric tensor. This form of the kinetic
terms ensures that exactly 5 polarization states of the
spin-2 particle are propagating degrees of freedom. The
interactions with the SM fields can be described by the
following effective Lagrangian:
LX = cV
v
Xµν
(ηµν
4
VρσVρσ − VµρVνρ
)
,
− icf
2v
Xµν
(
f¯γµ
←→
D νf − ηµν f¯γρ←→D ρf
)
+
cH
v
Xµν
[
2DµH
†DνH − ηµν
(
DρH
†DρH − V (H)
)]
.
(3)
Here V ∈ Ga,W i, B denotes the SM SU(3) × SU(2) ×
U(1) gauge fields, f ∈ (qL, uR, dR, ℓL, eR) stands for the
fermion fields, and H is the Higgs doublet. The deriva-
tives are covariant with respect to the SM local sym-
metry and f¯γµ
←→
D νf ≡ f¯γµDνf − Dν f¯γµf . The scale
v = 246 GeV is inserted for dimensional reasons. For the
massless graviton which mediates the Einstein gravity,
all the couplings ci are universal and equal to
cH = cV = cf =
v
MP
≈ 10−16, (4)
where MP = 2.44 × 1018 GeV is the (reduced) Planck
mass. However, for a massive graviton the couplings do
not have to be universal in general; in this paper we
will construct consistent weakly coupled effective models
where the couplings are non-universal.
Given the couplings in Eq. (3), the partial decay widths
of the spin-2 particle to SM mass eigenstates is given by
[11, 12]:
Γ(X → hh) = c
2
Hm
3
X
960πv2
(1− 4rh)5/2 ,
Γ(X → f f¯) = m
3
X
320πv2
(1− 4rf )3/2 [
(
c2fL + c
2
fR
)(
1− 2rf
3
)
+ cfLcfR
20rf
3
]
,
Γ(X → ZZ) = m
3
X
80πv2
√
1− 4rZ
[
c2ZZ +
c2H
12
+
rZ
3
(
3c2H + 20cHcZZ − 9c2ZZ
)
+
2r2Z
3
(
7c2H − 10cHcZZ + 9c2ZZ
)]
,
Γ(X → Zγ) = c
2
Zγm
3
X
40πv2
(1− rZ)3
(
1 +
rZ
2
+
r2Z
6
)
,
Γ(X → γγ) = c
2
γγ
8c2G
Γ(X → GG) = c
2
γγm
3
X
80πv2
, (5)
where ri ≡ m2i /m2X . Furthermore, Γ(X → W+W−) =
2Γ(X → ZZ) with mZ → mW and cZZ → cW . The cou-
plings to Z and γ can be expressed by the ones in the elec-
troweak basis as cγγ = s
2
θcW + c
2
θcB, cZZ = c
2
θcW + s
2
θcB,
cZγ = cθsθ(cW − cB), where sθ and cθ are the sine and
cosine of the Weinberg angle. Note that the spin-2 decay
to Zγ occurs only for non-universal couplings. Also note
that decays to hh always imply decays to WW and ZZ
with at least a comparable branching fraction. This is
because the spin-2 coupling to the Higgs boson is always
accompanied by couplings to the Goldstone components
of the Higgs doublet which, via the equivalence theorem,
can be interpreted as the longitudinal polarizations of W
and Z.
The production cross section of the spin-2 particle at
the LHC can be written as
σ(pp→ X)ELHC =
πm2X
v2E2LHC
[
1
16
kGGXc
2
GLGG
(
m2X
E2LHC
)
+
1
24
∑
q
kqqX(c
2
qL + c
2
qR)Lqq¯
(
m2X
E2LHC
)]
,
(6)
where the first term in the square bracket originates from
gluon fusion, and the second from qq¯ annihilation. Here,
ELHC is the center-of-mass energy of proton-proton col-
lisions at the LHC, Li are the parton luminosity func-
tions, and ki are the QCD k-factors which we take to be
kGGX ≃ kqqX ≈ 1.6 [13, 14]. For example, using the NLO
NNPDF2.3.2 pdf set [15] for gluon fusion production one
finds σ(pp → X)13TeV ≈ 1.2 × 104c2G pb. The numeri-
cal value of cG that reproduces the di-photon excess in
Eq. (1) depends on Br(X → γγ), which is arbitrary at
this point. We find
cG ≈ 3.1× 10−3
√
4.4× 10−2
Br(X → γγ) . (7)
where we have chosen a reference value of Br(X → γγ)
corresponding to the universal graviton coupling limit
(ci = cX), c.f. Table I . We see that requiring cG . 1 im-
plies Br(X → γγ) & 10−7, otherwise the scale suppress-
ing the spin-2 couplings to gluons would be below the
electroweak scale. The opposite limit Br(X → γγ) . 1
implies that cG & 6.6× 10−4 corresponding to a suppres-
sion scale below ∼ 400 TeV.
Spin-2 particles produced at the LHC are polarized.
If the polarization is measured along the beam axis, at
LO in QCD only h = ±2 helicities are produced in gluon
fusion, and only h = ±1 helicities are produced in qq¯
annihilation. Polarization determines the angular distri-
bution of the photons to which the spin-2 particle decays.
We define θ∗ as the angle between the decay direction and
the beam axis in the rest frame of the decaying particle.
The θ∗ distributions are then given by [16]:
3dσGG→X→γγ
d cos θ∗
∼ 1 + 6 cos2 θ∗ + cos4 θ∗,
dσqq¯→X→γγ
d cos θ∗
∼ 1− cos4 θ∗. (8)
In gluon fusion production, the photons are strongly
peaked in the forward directions, while this effect is ab-
sent for qq¯ annihilation.
A field theory with an interacting spin-2 particle is
always an effective theory with a limited range of valid-
ity. That is because tree-level amplitudes involving the
spin-2 particle grow with energy, the couplings in Eq. (3)
having canonical dimensions 5. For universal couplings,
ci = cX the maximum cut-off scale Λcut of the effective
theory is of the order Λcut ∼ 4πv/cX , at which scale am-
plitudes cease to be perturbatively unitary. Interestingly,
Ref. [16] pointed out that for non-universal couplings of
the graviton one observes a worse high energy behavior of
the amplitudes. In particular, amplitudes of spin-2 par-
ticle production may grow as fast as M ∼ ciE3/m2Xv,
leading to a faster unitarity loss. One example is the
process qLq¯L → XG with massless left-handed quarks in
the initial state. The s-wave amplitude for producing a
helicity-0 graviton in this process is given by
M0(0,±1) = ±gs (cG − cqL)
s3/2
32
√
3πm2Xv
. (9)
where s is the invariant mass of the qq¯ pair. As a conse-
quence, perturbative unitarity is lost (Re[M0(0,±1)] >
1/2) at
Λcut ≈
(
16
√
3πvm2X
gs|cG − cqL |
)1/3
≈ 3mX
(
v
mX |cG − cqL |
)1/3
.
(10)
For example, for mX = 750 GeV, cqL ≈ 0 and v/|cG| ≈
10 TeV, one needs a cut-off below Λ ∼ 8 TeV, and not at
4πv/|cG| ∼ 100 TeV as one may naively expect. These
considerations motivate studies of more fundamental sce-
narios from which massive spin-2 states can emerge. One
such construction is the Randall-Sundrum (RS) model
discussed in the remainder of this paper.
RS with SM on IR brane.
The RS model [17] is a gravity theory formulated in
the 5D spacetime. The fifth dimension is an interval,
y ∈ [0, L], where the boundary at y = 0(L) is referred to
as the UV(IR) brane. The 5D Lagrangian is given by
LRS = √gM3∗
[
−1
2
R5 + 6k
2
]
+M3∗
√−g4 [δ(y − L)− δ(y)] [3k −Dαnα] . (11)
The gravitational degrees of freedom are described by
the 5D metric field g. R5 is the 5D Ricci scalar con-
structed from that metric, M∗ is the 5D Planck mass,
and the scale k sets the magnitude of the (negative)
5D cosmological constant. Finally, g4 is the 4D met-
ric field obtained by projecting g on the brane. We
also included the Gibbons-Hawking terms Dαnα, where
nα = g
−1/2
55 (0, 0, 0, 0, 1), which is necessary to arrive at
consistent Einstein equations on a manifold with bound-
aries [18]. This Lagrangian leads to the Einstein equa-
tions for g whose solution is a slice of AdS5 metric. We
parametrize the 5D metric as
ds2 = a2(y) (ηµν + hµν(x, y)) dxµdxν − dy2. (12)
Here a(y) = e−ky is called the warp factor, and hµν(x, y)
describes perturbations of the metric around the AdS5
background.1
In the original RS construction the SM fields are
assumed to be confined to the IR brane: L ⊃
M∗
√−g4LSMδ(y − L) where LSM is the usual SM La-
grangian. To derive phenomenological predictions of this
model, one expands the metric perturbations into a dis-
crete set of KK modes: hµν(x, y) =
∑∞
n=0X
(n)
µν (x)fn(y),
where the KK profiles fn satisfy the equation
∂2yfn + 4
a′
a
∂yfn +m
2
na
−2fn = 0, (13)
together with the boundary conditions ∂yfn(0) =
∂yfn(L) = 0, and the orthonormality condition
M3∗
∫ L
0
dya2(y)fn(y)fm(y) = 4δnm . (14)
This way, each X
(n)
µν is a canonically normalized spin-
2 field fitting in the general formalism described in the
previous section. Eq. (13) admits the zero-mode solution
withmn = 0, and a flat profile f0 = [2M
3
∗ (1−a2L)/k]−1/2,
aL ≡ e−kL. This corresponds to the massless graviton
mediating the Einstein gravity in 4D. For mn > 0 the
solution satisfying ∂yfn(0) = 0 can be written in terms
of the Bessel functions,
fn(y) = Ana
−2(y)
[
Y1
(mn
k
)
J2
(
mn
a(y)k
)
−J1
(mn
k
)
Y2
(
mn
a(y)k
)]
. (15)
Then the other boundary condition ∂yfn(L) = 0 corre-
sponds to the KK mass quantization condition which can
be written as
Y1
(mn
k
)
J1
(
mn
aLk
)
− J1
(mn
k
)
Y1
(
mn
aLk
)
= 0 . (16)
1 In general one should also include a scalar degree of freedom, the
so-called radion, associated with the overall length of the 5th di-
mension. In the current setup the radion is massless. In the fol-
lowing we assume it obtains a large enough mass by some mech-
anism (see e.g. [19]) that does not affect significantly the back-
ground solution and does not play any role in the phenomenology
of the 750 GeV resonance.
4The quantization condition is solved by a discrete set of
mn starting parametrically at O(kaL). Numerically, one
finds that the first KK mode occurs at m1 ≈ 3.8kaL,
and them m2 ≈ 1.8m1, m3 ≈ 2.7m1, . . . . The constant
An in Eq. (15) is fixed by the normalization condition
in Eq. (14). Given the KK profile fn(y), the coupling of
the graviton n-th mode to the matter on the IR brane is
given by
cXn =
fn(L)
f0
v
MP
, M2P =
M3∗ (1 + a
2
L)
2k
, (17)
where MP is the reduced Planck mass that sets the cou-
pling strength of the massless graviton. For the first
mode one finds to a good approximation
cX1 ≈ −
v
aLMP
. (18)
The coupling is enhanced by a−1L compared to the zero
mode one because, in the RS scenario with a large warp
factor, the lowest KK modes are sharply localized near
the IR brane. Thanks to this enhancement, the RS sce-
nario with a large warp factor at the IR brane can address
the 750 GeV excess, with the diphoton resonance identi-
fied as the first KK mode of the graviton, as previously
discussed in Ref. [9]. This model is extremely predictive,
with basically no free parameters. Since all the graviton
couplings are universal, the branching fractions are com-
pletely fixed; in particular, Br(X → γγ) ≈ 4.4%. Then
the IR warp factor aL is fixed to fit the observed pro-
duction cross section of the resonance, c.f. Eq. (18), the
curvature scale k is fixed to fit the 750 GeV resonance
mass using mX1 ≈ 3.8kaL, and the 5D Planck mass is
fixed to fit the 4D Planck mass, c.f. Eq. (17). A set of
parameters that nicely fits the ATLAS and CMS obser-
vations is the following
aL = 3.4× 10−14 , k = 5.8× 1015 GeV ,
M∗ = 4.1× 1017 GeV. (19)
We refer to this benchmark point as IR, to distinguish it
from other RS benchmarks studied in the next sections.
The resulting value of the universal graviton coupling to
matter is cX = −0.003, which implies σ(pp→ X)13TeV ≈
0.12 pb, and the diphoton rate σ(pp→ X → γγ)13TeV ≈
5.2 fb. The width of the resonance well below the exper-
imental resolution: ΓX ≈ 6MeV. By choosing a larger
(smaller) warp factor we can make the cross section and
width smaller (larger), but the parameters ballpark has
to stay the same to match the observations. The KK
graviton branching fractions are summarized in the first
column of Table I.
All in all, the RS model with the SM on the IR brane
offers an interesting and very predictive spin-2 model for
the 750 GeV resonance. There are however two issues
with this scenario: one phenomenological, and one the-
oretical. The phenomenological one is the tension with
the dilepton resonance searches at 8 TeV and 13 TeV
LHC. As we can see in Table I, this scenario sharply
predicts Γ(X → e+e− + µ+µ−)/Γ(X → γγ) = 1, and
thus σ(pp→ X)8TeV × Br(X → e+e− + µ+µ−) ≈ 1.2 fb.
This is in tension with the ATLAS search [23] for di-
lepton resonances in LHC run-1 which found σ(pp →
Z ′ → e+e− + µ+µ−)8TeV ≤ 1.3 fb at 95% CL. More
recently ATLAS performed a similar search using the
first 13TeV data, putting a bound on σ(pp → Z ′ →
e+e− + µ+µ−)13TeV ≤ 5.5 fb at 95% CL. [24]. Not
discovering a 750 GeV dilepton resonance in 2016 run-
2 data will ultimately falsify this model. The theoret-
ical issue is that, for the parameters in Eq. (19), the
scale ΛX suppressing graviton couplings to matter and
itself is very large, ΛX ≈ 100 TeV. Therefore, the cut-off
scale at the IR brane (the energy scale up to which SM
scattering amplitudes are perturbative) is rather high,
Λcut ∼ 1000 TeV. Therefore, the quantum corrections to
the mass term of the Higgs field are cut off at a high Λcut
scale, and the little hierarchy problem of the SM, which
was the original motivation of Ref. [17], is not addressed.
In the next section we discuss a modification of the RS
scenario that potentially addresses both of these issues.
IR MIN MED MAX GMAX
γγ 4.3 8.5 7.0 0.5 2.3
ZZ 4.8 7.9 7.8 2.9 12
WW 9.5 16 15 5.6 21
Zγ 0 0 0 0 1.1
hh 0.3 0 0.4 1.4 6.9
tt 5.1 0 8.3 85 56
bb 6.4 0 5.2 0.4 0.04
jj 66 68 61 4.5 0.5
e+e− + µ+µ− 4.3 0 0 0 0
Table I: Branching fractions (in percent) of the first graviton
KK mode to various SM final states for the IR, MIN, MED,
MAX, and GMAX benchmarks described in the text.
RS with SM in bulk.
The prescription to reduce the KK graviton couplings
to leptons is to localize the two in different points in the
extra dimension. This will be the case when leptons are
localized away from the IR brane. One possibility is to
localize the entire SM at the UV brane, but then the
couplings of the KK gravitons to matter are extremely
suppressed and have no phenomenological relevance. A
more fruitful direction is to promote the SM gauge and
matter fields to 5D fields which propagate in the bulk
of the extra dimension [25–28], as is already the case for
gravity. The SM particles are then identified with the
zero modes of the 5D fields, while their KK modes must
be heavy enough to have avoided detection so far. The
setup contains free parameters (5D mass terms) that al-
low one to shape the zero mode profiles of fermion and
5scalar fields (on the other hand, the zero mode profiles of
unbroken gauge fields are always flat in the 5th dimen-
sion). This framework has been extensively studied in
the past; in fact much more than the original RS model
with the SM localized on the IR brane. Historically, the
main motivation was the fact that it allows one to address
the SM fermion mass hierarchies, by controlling the over-
lap of the fermion zero mode profiles with the IR brane
where the Higgs field is assumed to reside [29]. Moreover,
it also allows one to address the hierarchy problem in
the so-called gauge-Higgs unification scenario, when the
Higgs boson arises from the 5th component of a gauge
field from an extended gauge group [30].
The obvious problem with the idea in the context of the
spin-2 explanation of the 750 GeV excess is that the mini-
mal scenario predicts the first KK modes of the SM gauge
fields to be lighter than first graviton KK mode. This is
clearly unacceptable phenomenologically. However, it is
possible to make the first graviton KK mode to be para-
metrically lighter than the gauge KK modes. Notice that
the symmetries of the RS framework allow one to intro-
duce brane kinetic terms for the graviton [10, 32, 33]. We
add to the RS Lagrangian in Eq. (11) the following terms
∆LRS = −1
2
M3∗
√−g4R4 [r0δ(y) + rLδ(y − L)] , (20)
where R4 is the 4D Ricci scalar constructed out of
the 4D metric g4 induced at the branes, and r0, rL
are parameters of dimension mass−1. The presence of
brane kinetic terms does not affect the equation of mo-
tion Eq. (13) for the KK profile of the graviton. What
changes are the boundary conditions, which now read
∂yfn(0) = −r0m2nfn(0), a3L∂yfn(L) = rLm2nfn(L), and
the orthonormality conditions, which read
M3∗
∫ L
0
dya2fnfm (1 + r0δ(y) + rLδ(y − L)) = 4δnm .
(21)
The zero-mode solution with mn = 0 and a constant pro-
file is retained in the spectrum, however its normalization
is changed:
f0 =
2
MP
, M2P =M
3
∗
(
1− a2L
2k
+ r0 + a
2
LrL
)
. (22)
Note that the relation between the observable 4D Planck
mass MP and the parameters in the 5D Lagrangian is
also affected. The KK profiles for the massive modes
which satisfy the boundary condition at y = 0 can be
written as
fn(y) = Ana
−2
[(
Y1
(mn
k
)
+mnr0Y2
(mn
k
))
J2
(mn
ak
)
−
(
J1
(mn
k
)
+mnr0J2
(mn
k
))
Y2
(mn
ak
)]
.(23)
The boundary condition at y = L then determines the
quantization condition[
Y1
(mn
k
)
+mnr0Y2
(mn
k
)]
×
[
J1
(
mn
aLk
)
− rLmn
aL
J2
(
mn
aLk
)]
=
[
J1
(mn
k
)
+mnr0J2
(mn
k
)]
×
[
Y1
(
mn
aLk
)
− rLmn
aL
Y2
(
mn
aLk
)]
, (24)
while the normalization constant An is determined by
the orthonormality condition in Eq. (21). When r0 and
rL are small in units of 1/k, the graviton spectrum is
only slightly modified compared to the original RS. The
interesting things happen when both brane kinetic terms
are large, kr0,L ≫ 1.2 One can then show that the first
massive solution of the quantization condition in Eq. (24)
is approximately given by
mX1 ≈
2aLk√
krL
. (25)
Thus, in the RS scenario with large brane kinetic terms
the mass of the first graviton KK mode is parametrically
suppressed compared to the rest of the KK tower (which
starts at O(kaL)). If the bulk SM fields do not have large
brane kinetic terms, the mass of the first graviton KK
mode will be suppressed compared to all other KK states
in the theory. This mechanism can thus explain why the
spin-2 KK state is the first one to be discovered at the
LHC. For example, the first KK mode of the SM gauge
field is predicted atmV1 ≈ 2.4kaL. Then, choosing krL ∼
10 is enough to push the first gauge KK mode up to
mV1 ∼ 3 TeV. Note that a mild hierarchy of parameters
is always present in the RS scenario: to obtain the large
warp factor at the IR brane, aL ∼ 10−15, one needs to
choose the length of the extra dimension L to be large
in units of inverse curvature, kL ∼ 35. We argue that
similarly mild hierarchies for graviton brane kinetic terms
are enough to render phenomenologically viable the RS
model with bulk SM fields and a 750 GeV KK graviton.
For large r0,L, the normalized profile of the first gravi-
ton KK mode can be approximated as
f1(y) ≈ 2
MP
aL
(
(1− a−4)a2L
√
r0
rL
+ (1− a4La−4)
√
rL
r0
)
.
(26)
Much like in the original RS scenario, it is strongly
peaked (∼ exp 4ky) towards the IR brane, and strongly
2 One should note that for a large IR brane kinetic term, krL >
1/2, the radion becomes a ghost in this setup, in the sense that
its kinetic terms are not positive definite [20–22]. See Appendix
for more details. We will assume that there exists a stabilization
mechanism that gives radion positive-definite kinetic terms for
krL ≫ 1, although that has not been demonstrated in the liter-
ature so far. We thank Kaustubh Agashe and Riccardo Rattazzi
for pointing out the radion ghost problem to us.
6suppressed near the UV brane. Therefore, by localizing
some SM fields away from the IR brane we can suppress
their couplings. Consider the normalized zero mode pro-
file of the form:
fSM,α(y) =
√
2kα
1− a2αL
e−αky, (27)
which is normalized as
∫ L
0
dyfSM,α(y)
2 = 1. For SM
matter fields the parameter α controlling the localization
is arbitrary, as it is fixed by free parameters in the 5D
Lagrangian. For fermion fields, α is determined by the
bulk mass term M of the 5D fermion field: α = ±M/k+
1/2 for a left/right-handed zero mode of a SM fermion.
Similarly, for scalar fields the bulk mass term can be
used to control localization of the zero mode, though in
this case the existence of the zero mode requires adding
boundary mass terms with a fine-tuned magnitude. On
the other hand, for unbroken gauge fields the zero mode
profile is always flat, which corresponds to taking the
limit α → 0 in Eq. (27). Using the normalization in
Eq. (3), the coupling of a fermionic zero-mode to the
first graviton KK mode is given by
cα =
v
MP
∫ L
0
fSM,α(y)
f1(y)
f0
≈ − v
aLMP
[√
r0
rL
α
(α− 2)(1− a−2αL )
+
√
rL
r0
a2L
a2αL − 1
]
.
(28)
The first term in the square bracket is relevant for α < 1,
and the second for α > 1. For sharp IR localization,
α≪ 0, one finds cα ≈ −(v/aLMP )
√
r0/rLα/(α− 2). In
this case the scale controlling the coupling to the first
KK graviton is aLMP . This is similar, up to a numeri-
cal factor depending on α, r0, rL, to the previously dis-
cussed case of KK gravitons coupling to IR-localized mat-
ter fields in the original RS model. In the limit α = 0
one finds cα ≈ −(v/aLMP )
√
r0/rL(1/4kL). Thus, zero
mode gauge fields, as well as matter fields with the flat
profile, have a coupling to graviton suppressed by the fac-
tor 4kL compared to IR-localized fields. For 0 < α < 1,
when the profile is tilted towards the UV brane, the cou-
pling becomes suppressed by powers of the warp factor,
cα ≈ −(va2αL /aLMP )
√
r0/rLα/(2− α). This switches to
a universal behavior for α > 1: cα ≈ (vaL/MP )
√
rL/r0.
In general, the zero modes with α > 0 couple very weakly
to the KK gravitons, and they do not play any role in
production and decay of the 750 GeV resonance.
We are ready to discuss concrete parameters choices
that allow one to explain the 750 GeV excess in the RS
model with SM gauge fields propagating in five dimen-
sions. The diphoton resonance is identified with the first
KK mode of the graviton with the KK profile in Eq. (26)
and the mass in Eq. (25). Its couplings to the SM are
determined by Eq. (28) and depend on the parameters
αi (specific for each SM particle) controlling the shape
MIN MED MAX
r0[1/k] 100 120 1700
M∗[GeV] 4.1× 10
17 3.9× 1017 1.6 × 1017
αtR ∞ 0 −0.3
αQ3
L
∞ 0 0
αH ∞ 0 −0.1
−cG 2.3 × 10
−3 2.5× 10−3 9.6× 10−3
σ(pp→ X)[pb] 0.06 0.08 1.1
σ(pp→ X → γγ)[fb] 5.3 5.3 5.4
ΓX [GeV] 2× 10
−3 3× 10−3 0.5
Table II: The parameters for various benchmark models
fitting the 750 GeV excess with the first KK graviton in
the RS scenario. All benchmarks have aL = 10
−15, k =
1.2 × 1018 GeV, rL = 10/k. The lowest graviton KK modes
are at m1 = mX = 750 GeV, m2 ≈ 6 TeV, and lowest hyper-
charge KK mode is at mV1 ≈ 2.9 TeV. The SM fermion fields
other then the right-handed top and and the 3rd generation
quark doublet are assumed to be sharply localized at the UV
brane.
of the zero mode profile. The SM gauge fields: gluons,
W and Z bosons, and photons have a flat profile in the
extra dimension corresponding to αV = 0. To avoid con-
straints from dilepton resonance searches, we assume that
the lepton fields are localized near the UV brane, αℓ > 0,
in which case they are practically decoupled from the
graviton KK modes. In the best of all worlds, the Higgs
field should be localized near the IR boundary, so that
the hierarchy problem can be addressed by the large warp
factor. Then also the top quarks should be IR localized,
so that the top Yukawa coupling remains in the perturba-
tive regime. This is however non-trivial to achieve. The
reason is that the graviton couplings to gauge zero modes
carry a suppression factor 4kL ∼ 130, while the couplings
to IR localized fields do not have this suppression. If the
Higgs field was strictly IR-localized, the branching frac-
tion of the 750 GeV resonance would be dominated by
decays to pairs of Higgs bosons and longitudinally po-
larized W and Z bosons. This would violate the LHC
run-1 constraints from di-Higgs and di-boson resonance
searches [34–36] (c.f. [4]). As a consequence, in this setup,
only mild IR localization of the Higgs and the top is pos-
sible.
We propose 3 concrete benchmarks: MIN, MED, and
MAX, which represent various degrees of compromise
between the naturalness and phenomenological require-
ments. The parameters of the 5D Lagrangian are summa-
rized in Table II, and they are tuned to yieldm1 = mX =
750 GeV and σ(pp → X)13TeVBr(X → γγ) ∼ 5 fb. The
latter number can be easily adjusted up or down; for
example, increasing (decreasing) the UV brane kinetic
terms r0 increases (decreases) the diphoton signal, with-
out affecting other predictions significantly. The width of
the 750 GeV resonance is always smaller than the exper-
imental resolution at the LHC for all benchmarks. All
7the benchmarks satisfy phenomenological bounds from
LHC run-1 resonance searches in other decay channels,
as summarized in Table III. The first KK modes other
than the graviton one are predicted to be at the scale
mV1 ≈ 2.8 TeV, and correspond to KK excitations of the
SM gauge fields. That mass scale can be raised by in-
creasing the value of the IR brane kinetic term rL. The
predicted X decay branching fractions are shown in the
middle columns of Table I.
In the MIN benchmark, the SM fermion and Higgs
fields are all localized on the UV brane, which implies
that the hierarchy problem is not addressed at all. Only
the SM gauge fields have non-negligible couplings to the
KK gravitons, and these couplings are universal. The
sharp prediction of this scenario is Br(X → γγ) ≈
Br(X → ZZ) ≈ Br(X → WW )/2 ≈ Br(X → GG)/8 ≈
0.08, and no other decays of the 750 GeV particle are
present. In the MED benchmark, the Higgs, the right-
handed top, and the 3rd generation quark doublet all
have a flat profile, much like the gauge fields, while the
remaining fermions are localized at the UV brane. The
phenomenological predictions turn out to be very similar
as for the MIN benchmark. The difference is that de-
cays of the 750 GeV resonance to top and bottom quarks
and to the Higgs boson are present. However, with a
flat profile of these SM fields, the branching fractions are
probably too small for the top, bottom and Higgs decays
to ever be observable. That changes spectacularly for
the MAX benchmark, where the Higgs and the right-
handed top are localized toward the IR brane (while the
3rd generation quark doublet still has a flat profile). As
discussed above, IR localization enhances the coupling to
graviton KK modes. As a result, the 750 GeV resonance
has a large and potentially observable branching fraction
for decays into a pair of top quarks or of Higgs bosons. In
fact, the parameters of the MAX benchmark are chosen
such that the tt¯ and hh rates are close to saturating the
experimental limits from the LHC run-1, see Table III.
Moreover, for this benchmark, the the first KK graviton
is strongly self-coupled. Indeed, the cubic self-coupling
of the first KK graviton can be estimated as
c3X ≈ v
MP
∫ L
0 (1 + r0δ(y) + rLδ(y − L)) f1(y)3∫ L
0 (1 + r0δ(y) + rLδ(y − L)) f1(y)2f0
≈ v
aLMP
√
r0/rL. (29)
Then, the scale suppressing the cubic coupling in the
Lagrangian is Λ3X ≡ v/c3X . For the parameters of the
MAX benchmark one finds Λ3X ≈ 200 GeV, which is
below the mass of the graviton. This leads to a loss
of perturbative unitarity in the XX → XX scattering
process shortly above the scale 2mX . Further increasing
the IR localization of top and Higgs (while maintaining
the diphoton signal strength of the order 5 fb) would lead
to violating the experimental and perturbativity bounds.
We have thus shown that one can realize the 750 GeV
diphoton resonance as a spin-2 KK graviton in the RS
IR MIN MED MAX GMAX Allowed
rZZ 0.9 0.9 1.1 5.7 5.0 10 [34]
rZγ 0 0 0 0 0.5 6 [37]
rWW 1.9 1.9 2.2 10.9 9.1 40 [35]
rhh 0.06 0 0.06 2.7 2.9 40 [36]
rtt 1.1 0 1.2 170 24 400 [38]
re+e−+µ+µ− 1 0 0 0 0 1 [24]
Table III: The ratio rff ≡ Γ(X → ff)/Γ(X → γγ) for vari-
ous final states f for the IR, MIN, MED, MAX, and GMAX
benchmarks defined in the text. The benchmarks are con-
structed such that this ratio is always smaller than the max-
imum experimentally allowed one. All experimental con-
straints are taken from [4] and rescaled for the updated cen-
tral value of the di-photon excess, except the bounds on rZγ
and re+e−+µ+µ− which include the recent ATLAS searches at
13TeV LHC [24, 37].
scenario with bulk SM fields. However, the result may
not be completely satisfactory from the point of view
of naturalness. Indeed, even for the MAX scenario the
Higgs field is only mildly localized towards the IR brane.
On the other hand, in concrete models addressing Higgs
naturalness, a sharper localization is typically predicted.
For example, if the Higgs doublet arises from a 5th
component of the gauge field, its profile corresponds to
α = −1 [31]. Such a sharp localization is not possible in
the setup discussed so far, because it would leads to an
excessive branching fractions of the 750 GeV resonance
into hh, ZZ, andWW . There is a possible remedy, how-
ever. Notice that the symmetries of the RS framework
allow not only the graviton but also the SM fields to have
brane kinetic terms [39, 40]. It turns out that in the pres-
ence of large brane kinetic terms for the SU(2) or U(1)
SM gauge bosons one can achieve sharp IR localization
of the Higgs without violating experimental bounds. For
simplicity, in the following we will assume that only the
U(1) hypercharge field has a sizable brane kinetic term
on the IR brane, while for the remaining SM fields the
brane kinetic terms are negligible.
The kinetic Lagrangian for the 5D hypercharge field in
the warped background of Eq. (12) is parametrized as
L ⊃M∗
[
−1
4
BµνBµν (1 + dLδ(y − L)) + a
2
2
(∂yBµ)
2
]
,
(30)
where the magnitude of the brane kinetic term
is controlled by the parameter dL with dimension
[mass]−1. The 5D field is expanded into KK modes
Bµ(x, y) =
∑
nBµ,n(x)fB,n(y). The 5th compo-
nent of the hypercharge field provides the Gold-
stone bosons eaten by massive KK modes, and it
is suppressed in this discussion. The profile func-
tions satisfy the equations of motion, ∂y
(
a2∂yfB,n
)
+
m2nfB,n = 0, the boundary conditions ∂yfB,n(0) = 0,
a2L∂yfB,n(L) = dLm
2
nfB,n(L), and the orthonormality
8condition M∗
∫ L
0
dy (1 + dLδ(y − L)) fB,n(y)fB,m(y) =
δnm. The normalized zero mode has a constant profile
fB,0 = 1/
√
L+ dL. The coupling of the hypercharge to
the first graviton KK mode is given by
cB =
v
MP
∫ L
0
dy (1 + dLδ(y − L)) f1(y)
f0
fB,0
≈ v
aLMP
√
r0
rL
1 + 4kdL
4k(dL + L)
. (31)
The important observation here is that the suppression
of this coupling by 4kL can be countered by brane ki-
netic terms, provided dLk & 1. Thus, in the presence of
large brane kinetic terms for the gauge fields, the cou-
pling of KK gravitons to the zero mode gauge fields can
be comparable to that to the IR localized matter fields.
In a sense, the IR brane kinetic terms lead to (quasi)-
localization of the gauge field at the IR brane [39]. The
net effect is to increase the KK graviton couplings to
photons (and Z) relative to other SM fields. One nice
consequence is that the total production cross section re-
quired to fit the diphoton excess is smaller, which allows
one to choose smaller 5D parameters for phenomenologi-
cally viable benchmarks. Thus the model becomes more
weakly coupled as dL increases; in particular, the self-
coupling of the KK graviton can be weaker. We note
however that, in the context of the 750 GeV spin-2 reso-
nance, dL cannot be increased without penalty. For large
dL, the mass of the first hypercharge KK mode can be
approximated by
m1 ≈ 2kaL
√
dLk + kL
2dLLk2 + kL− kdL − 1 . (32)
For dL ≫ L one finds m1 ≈
√
2kaL/
√
kL, and the sup-
pression factor
√
kL ∼ 5 may push the mass of the first
KK mode dangerously low.
One set of parameters that fits the ATLAS and CMS
diphoton excess without being excluded by resonance
searches in other channels is the following:
aL = 10
−15, k = 2.4× 1018 GeV,
M∗ = 2.1× 1017 GeV,
r0 = 1500/k, rL = 40/k, dL = 2/k ,
αtR = −1, αQ3
L
= 0, αH = −1. (33)
We refer to this benchmark point as GMAX. The KK
graviton branching fractions are summarized in the last
column of Table I. The distinguishing feature is that the
Higgs and right-handed top fields are sharply localized
towards the IR brane. In particular, the Higgs profile
is the same as predicted by natural models of gauge-
Higgs unification. Nevertheless, the benchmark is not
excluded by run-1 diboson and tt¯ resonance searches, as
can be seen in the last column of Table III. Also, it is ac-
tually less strongly coupled than the MAX benchmark:
the scale suppressing cubic self-interactions of the 1st KK
graviton is Λ3X ≈ 400 GeV. These features are thanks
to the relative enhancement of the coupling to photons
due to the large brane kinetic term dL. The third gen-
eration quark doublet is assumed to have a flat profile,
while the remaining fermion fields are localized on the
UV brane. The KK graviton branching fractions are
summarized in the last column of Table I. Note that,
unlike for other RS benchmarks discussed in this pa-
per, the GKBT benchmark predicts a non-zero branch-
ing fraction to Zγ. This is due to non-universal cou-
plings of the KK graviton to SU(2) × U(1) SM gauge
bosons, which arise as a consequence of the brane ki-
netic term for the U(1) factor. The benchmark predicts
cG = −4.5 × 10−3, σ(pp → X)13TeV ≈ 0.23 pb, and
σ(pp → X → γγ)13TeV ≈ 5.5 fb, which is again ad-
justable (for example, by varying r0).
A consequence of the large dL is a fairly light KK mode
of the hypercharge gauge boson which may be observed
by Z ′ resonance searches at the LHC. For the parameters
in the GMAX benchmark one finds mB1 ≈ 2.3 TeV. This
resonance can be produced at the LHC in qq¯ collisions.
For light quarks localized on the UV brane the couplings
to the gauge KK modes are somewhat suppressed, by a
factor ∼ 0.3, compared to the SM hypercharge, which
results in a suppressed production cross section of B1.
For the 8 TeV LHC we find σ(pp → V1)8TeV ≈ 1 fb,
and for the 13 TeV LHC we find σ(pp → V1)13TeV ≈
10 fb. This KK mode decays mostly to fermions localized
near the IR brane, while the branching fractions to UV-
localized fermions are suppressed. We estimate Br(V1 →
e+e−) = Br(V1 → µ+µ−) ≈ 2% and Br(V1 → tt¯) ≈
87% For these parameters, a 2.3 TeV hypercharge KK
mode is not excluded by existing dilepton or tt¯ resonance
searches [24, 41].
Discussion and conclusions.
We have shown that the 750 GeV diphoton resonance
observed by ATLAS and CMS can be realized as the first
KK mode of the graviton in the RS scenario. The pre-
vious realization in Ref. [9] with all SM fields localized
on the IR brane leads to an experimental tension due to
non-observation of 750 GeV dilepton resonances in the
LHC run-1 and run-2. We have shown that this tension
can be completely removed when the SM fields propa-
gate in the bulk, and leptons are localized away from the
IR brane. A consistent realization of this scenario re-
quires introducing large kinetic (Einstein-Hilbert) terms
on the UV and IR branes, in order to avoid light KK
modes of the SM bulk gauge fields. We have argued that
there exist large portions of the parameter space that fit
the observed mass and cross section of the diphoton reso-
nance without violating experimental bounds in other de-
cay channels, and have presented several concrete bench-
mark points to demonstrate this. Moreover, it is possible
to localize the Higgs field near the IR brane, so that the
scenario is compatible with similar models discussed in
previous literature which address the hierarchy problem.
It would be interesting to construct along these lines a
complete model with a 750 GeV spin-2 resonance and a
9calculable and natural Higgs potential.
Phenomenological predictions of the model depend on
the localization of SM matter fields in the extra dimen-
sion. If, as required by naturalness arguments, the zero
modes of the Higgs and top fields are localized near the
IR brane, one expects large branching fractions to tt¯, hh,
WW and ZZ. Decays to Zγ can also be observable in
the presence of large non-universal brane kinetic terms
for the SM SU(2) × U(1) fields. Another prediction of
our model is the presence of KK modes of gauge and, pos-
sibly (depending on the localization properties), of other
SM fields. In the presence of large brane kinetic terms,
the lightest KK mode of the SM gauge fields is expected
to be within the experimental reach of the LHC. As we
discussed, the existence of these KK modes with rela-
tively low masses, mKK . 5 TeV, is required on general
grounds by perturbative unitarity of the effective theory
of a spin-2 particle with non-universal couplings to mat-
ter. On the other hand, the 2nd KK mode of the graviton
is typically very heavy; for our benchmarks with SM in
the bulk its mass is mX2 ∼ 6 TeV which is out of reach
of the LHC. This is in contrast to the RS model with the
SM on the IR brane which predicts that the first spin-2
KK mode at mX1 ≈ 750 GeV is followed by another at
mX2 ≈ 1.4 TeV.
The holographic interpretation of the RS framework is
that it is a dual description of a strongly interacting sec-
tor which has an approximate conformal symmetry [42].
The original RS scenario with the SM on the IR brane
corresponds to the case when all SM particles arise as
composite states of the strong dynamics. On the other,
the scenario with bulk SM fields discussed in this paper
corresponds to the case where elementary SM particles
mix with composite states of the strong sector, where
the mixing angle is determined by the localization prop-
erties of the SM fields [31]. Our effective RS model sug-
gests that there exist strongly interacting theories where
a spin-2 state is parametrically the lightest composite
resonance.
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Appendix: radion.
In this Appendix we discuss the radion degree of free-
dom in the RS model with brane kinetic terms for the
graviton. For simplicity, we set the UV brane kinetic
term to zero, r0 = 0, as it plays a less prominent role in
radion dynamics. We parametrize the fluctuations of the
5D metric as
ds2 = a2(y)
(
ηµν + hµν(x, y)− 1
2
ηµνφ(x, y)
)
dxµdxν
+ 2a2(y)Aµ(x, y)dxµdy − (1 + φ(x, y)) dy2, (34)
where a = e−ky. The vector fluctuations described by Aµ
correspond only to non-physical degrees of freedom eaten
by massive gravitons and are ignored in the following.
With this parametrization, the quadratic Lagrangian for
tensor and scalar fluctuations is given by
L2
M3∗
=
a2
4
[
1
2
(∂ρhµν)
2 − 1
2
(∂ρh)
2 − (∂ρhµρ)2 + ∂µh∂ρhµρ
]
× [1 + rLδ(y − L)]− a
2
4
φ [h− ∂µ∂νhµν ] rLδ(y − L)
+
3
16
a2(∂µφ)
2 [1− rLδ(y − L)]
− a
4
8
(
∂yhµν − 1
2a2
ηµν∂y(a
2φ)
)2
+
a4
8
(
∂yh− 2a−2∂y(a2φ)
)2
. (35)
The scalar component, much as the tensor one, can be
expanded into KK modes as φ =
∑
n f˜n(y)φn(x). Most
of the scalar modes are eaten by massive gravitons and
do not correspond to new physical degrees of freedom.
However, there is always the radion mode, here denoted
by φ0, which does not mix with the graviton KK tower
and therefore it corresponds to a physical scalar parti-
cle. For rL = 0, the canonically normalized radion is
described by the profile
f˜0(y) = aLa
−2(y)
√
2
3
2
MP
. (36)
For rL > 0, the radion profile is no-longer described by
Eq. (36) because φ0 will mix with the graviton tower.
However, the mixing terms have two derivatives, thus
integrating out the heavy gravitons produces only four-
and higher-derivative radion terms in the low-energy ef-
fective Lagrangian [43]. Therefore, to read off the radion
kinetic terms, it is sufficient to insert the parameteriza-
tion of Eq. (36) into the 5D Lagrangian in Eq. (35), and
integrate over y. Note that a positive rL implies a neg-
ative contribution to the radion kinetic term. One finds
that for
krL > 1/2 , (37)
the negative contribution dominates over the positive one
from the bulk, and the radion becomes a ghost. The same
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conclusion can be reached with a proper KK expansion
for the tensor and scalar modes in the presence of the IR
brane kinetic term, such that the radion does not mix
with the gravitons. It remains to be seen whether the
problem can be avoided after a stabilization mechanism
for the radion is included.
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